Femtosecond (fs) laser irradiation has been shown to be effective for welding transparent materials and for transparent materials to metals. However, to date there is little work regarding similar applications in welding/bonding of metals. In this article, we for the first time to the best of our knowledge report on fs laser-induced microwelding of Ag microwires and Cu substrates. The influence of laser pulse number and fluence on fs laser microwelding is studied to explore an optimum welding window. Morphology analysis indicates that the primary weld of the Ag microwire and the Cu substrate was located at the edge of the Ag microwire and produced via the redeposition and local melting-induced welding of the ablated materials.
Introduction
Lasers are excellent devices for welding because of their ability to introduce a high power density into a small zone [1] . Recently, with the development of miniaturization, laser welding has been applied in the production of microelectronic and biomedical devices [2] [3] [4] [5] . In the microelectronics industry, electronics packaging is of major importance and wire bonding represents more than 90% of the packaging market due to its cost-effectiveness and flexibility [6] . Ultrasonic Au wire bonding is the predominate wire-bonding technology, but the high cost of Au has led to the study and high-volume applications of Cu wire because of its significant cost savings [7] . Compared to Au, Cu wires have many advantages, such as better thermal and electrical properties, excellent ball neck strength, high stiffness, and high-loop stability, which result in better wire sweep performance [8] . However, ultrasonic bonding of Cu wires has many challenges. For example, a shield gas is required to inhibit oxidation, while higher ultrasonic energy and greater bonding forces are needed to achieve a good joint because Cu wires have higher hardness and stiffness than Au wires. It has been found that an increase in ultrasonic energy and a higher bonding force can damage the Si substrate [9, 10] .
Femtosecond (fs) laser welding is a promising way of overcoming these problems in bonding with Cu wires. The fs laser has a very high peak power, but it causes a limited heat-affected zone in laser-matter interaction because of its ultrashort pulse duration. As a result of the unique properties of this type of laser-matter interaction, fs lasers have been widely studied for applications in precise machining operations, such as cutting [11, 12] , drilling [13, 14] , and other microfabrication techniques [15, 16] . Recently, a number of applications of fs laser welding have been reported. Since Tamaki et al. [17] first reported welding of glass using fs laser pulses at low repetition rate, welding of other transparent materials has also been studied [18] [19] [20] . Ozeki et al. [21] successfully welded glass and copper, and achieved a > 16 MPa tensile joint strength. Sano et al. [22] have discussed the welding of polyethylene terephthalate and copper. However, to date, no similar experimental results but several theoretical calculations have been reported on the feasibility of fs laser welding of bulk metals. For instance, Lee [23] calculated the feasibility of ultrafast laser microwelding of metals based on the generation of a molten pool and came to the conclusion that metals could be welded by combining a large focal radius, a high pulse energy, and high fluence.
In this paper, we report the results of an experimental study designed to determine the feasibility of microwelding of metals with fs laser pulses. As a specific example, we have examined the role played by fluence and pulse number on the welding of an Ag microwire to a Cu substrate using irradiation with fs laser pulses. We also discuss some important aspects of the laser-matter interaction during welding and determine the possible fs laser-welding mechanism under our experimental configuration.
Experiment
Microwelding studies were carried out using an fs laser system (1 KHz, 800 nm, Coherent, Inc.) with a maximum pulse energy of 3.5 mJ and a pulse duration of 35 fs. Commercial 25 μm diameter pure Ag microwire and 125 μm thickness pure Cu sheet were used. Two different fixture setups are used to ensure the tight touch of the Ag microwire and the Cu sheet. One is a glass-tape fixture and the other is mechanical clamping fixture, which exposes ∼2 mm long Ag microwire to the laser irradiation. The welding configuration with the glass-tape fixture is shown in Fig. 1 , where the Cu sheet and the Ag microwire are covered by glass to make sure they contact tightly. The long axis of the Ag microwire is parallel to the direction of laser polarization (S polarization). Before laser irradiation, the Cu sheet was washed with dilute nitric acid to remove any surface oxide. Subsequently, both the Cu sheet and the cover glass were carefully cleaned with alcohol and then deionized water. To ensure reproducible welding conditions, the fluence was varied by changing the pulse peak power and the beam diameter separately. The pulse peak power was changed using a neutral density filter (Thorlab Inc.) and the beam diameter was varied by adjusting the distance of the convex lens to the sample. The pulse number was controlled using a shutter.
A scanning electron microscope (SEM, JEOL-JSM-6460) and a high-resolution scanning electron microscope (HRSEM, LEO 1530 Zeiss, Germany) were both equipped with an electron diffraction spectroscope (EDS), and were used to analyze the microstructure within the laser irradiation area and the weld to determine the nature of the laser-matter interaction and the mechanisms associated with microwelding under fs irradiation conditions.
Results and Discussion
A. Effect of Pulse Number and Fluence on Weld Formation composition was primarily Cu together with a small amount of O. It indicates that this material resulted from redeposition of the fs laser ablated Cu particles along the edge of the Ag microwire. Moreover, we found that some parallel grooves on the surface of the Cu substrate formed along the direction of indentation [ Fig. 2(b) ]. These grooves correlate with the Fresnel diffraction pattern of the wire.
When the number of overlapping pulses increased to 2000-3000, as shown in Figs. 2(c) and 2(d), the Ag microwire could be successfully bonded to the Cu substrate. The figure in the inset in Fig. 2(d) clearly shows that the Ag microwire has bonded to the Cu substrate. However, under these conditions, laser irradiation caused serious damage to both the Cu substrate and the Ag microwire. The diameter of the Ag microwire was thinned out due to laser ablation, which removes material from the top of the wire; the substrate in the irradiated area was divided into small island-like structures, and cracks were generated on the substrate outside the irradiated area. These would probably affect the strength of the bond.
As the fluence was increased to 1.02 J∕cm
, bonding of the Ag microwire to the Cu substrate could still be achieved and similar damage morphology was observed in the irradiated area. However, when the samples were irradiated with a large number of pulses at high fluence, part of the wire in the irradiated area became separated from the substrate and the bond tended to fail in the thinned out area of the wire. As shown in Fig. 2(f) , under fs laser irradiation of 2000 pulses with fluence of 1.02 J∕cm 2 , the rim of the Ag microwire became separated from the substrate. We suggest that this can be attributed to the impact of the high-speed ablated material. As Salle et al. [24] have reported, the expansion speed of ablation products normal to the surface of Cu can reach 4.6 km∕s during irradiation with 75 fs laser pulses at fluence of 21 J∕cm 2 . Although the laser fluence in this work was about 0.025-0.05 of that in Salle et al.'s study, the samples were subjected to several thousand overlapping pulses and the repetitive impact of high-speed ablated material could cause failure in the bond.
Similar phenomena were observed in samples irradiated in a mechanical clamping fixture. Figure 3 shows that after replacing the glass-tape fixture with mechanical clamping, the Ag microwire could be welded to the Cu substrate at a laser fluence of 0.08 J∕cm 2 , which is much lower than that required when welding with the glass-tape fixture. This is probably due to the attenuation of the damaged glass, since the pulse fluence in the glass-tape fixture experiment (≥7.3 × 10 12 J∕cm 2 ) is higher that the damage threshold of glass. When the samples were irradiated by 3000 and 4000 laser pulses [Figs. 3(a) and 3(b)], diffraction and interference-induced damage to the Cu substrate was serious but no welding was obtained. However, it is evident that when the pulse number increased from 3000 to 4000, melting of redeposited material occurred at the edge of the wire, as shown in Figs. 3(a) and 3(b) . Welding of the Ag microwire to the Cu substrate could be achieved as well when the pulse number was increased to 6000 [ Fig. 3(c) ], and EDS analysis shows that the weld consisted of both Ag and Cu, indicating that a metallic weld can be produced in air by fs laser irradiation. Upon a further increase in the pulse number to 10,000 [ Fig. 3(d) ], the Ag microwire was severed by the intense laser ablation. At higher laser fluence (0.15 J∕cm 2 ), only 1000 pulses were needed to produce a weld as shown in Figs. 3(e) and 3(f) , and it was observed that material redeposited beneath the Ag microwire was melted and was welded to the wire. This significantly improves the strength of the weld, but under these conditions, the Ag microwire located at the center of the laser spot was seriously thinned out [ Figs. 3(e) and 3(f) ], which has a deleterious effect on weld strength. This effect arises from the higher power intensity at the center of the laser spot.
Microbonding of Ag microwire to a Cu substrate using fs laser pulses under different excitation conditions of different fluence and pulse numbers have also been studied, and the results are shown in Fig. 4 . It is apparent that there is a relatively narrower fluence window for the production of successful welds between the Ag microwire and the Cu substrate with the mechanical clamping fixture than with the glass-tape fixture. In both weld configurations, the minimum number of pulses required to obtain a successful bond was found to decrease with increasing laser fluence.
B. Microstructure and Characteristics of the Weld
To further study the formation of the weld between the Ag microwire and the Cu substrate, crosssectional morphologies of the irradiated samples with the glass-tape fixture have been obtained. Figure 5 shows cross-sectional morphologies of the contact area and edge area of the samples after irradiation at a fluence of 1.02 J∕cm 2 and indicates that Ag microwires were welded to the Cu substrate via a bridge of redeposited material. As shown in Figs. 5(a), 5(c), and 5(e), the gap between the wire and the substrate in the contact area increased from ∼100 to ∼500 nm with an increase in the number of overlapping pulses. This is consistent with the analysis in Fig. 2(f) , where the Ag microwire becomes separated from the Cu substrate after multiple impacts of high-speed ablated material. Images at the edge of the wire [Figs. 5(b), 5(d), and 5(f)] also show the impact effect of the ablated material. It is evident in Fig. 5(b) that a continuous boundary was formed between the Ag microwire and the redeposited material when the sample was irradiated by 500 laser pulses. No evident boundary between the Cu substrate and redeposited material was found. This indicates a bond was achieved between redeposited material and the Ag microwire/Cu substrate. Qualitative EDS analysis [shown by the red dashed square in Fig. 5(b) ] indicates that the deposited material consisted of Cu, Ag, Si, and O. A similar effect was observed when the sample was irradiated by 1000 laser pulses [ Fig. 5(d)] , and suggests that weld between the Ag microwire and the Cu substrate can be achieved when ablated material is in contact with the Ag wire/Cu substrate and is then exposed to additional laser pulses. When the pulse number is increased to 2000 [ Fig. 5(f) ], redeposited material becomes incorporated into the Ag microwire. Under these conditions, some cracks appear between the wire and the redeposited material, but there is still a good welding over localized areas between the wire and the redeposited material. We find that this material is primarily composed of Cu [shown by the red dashed square in Fig. 5(f) ], indicating that Si and O impurities can be eliminated by appropriately controlling irradiation parameters. Ordinarily, under the conditions of our experiments, Si and O do appear in the redeposited material as a result of damage to the cover glass. This will be further discussed in a later section.
As noted, a continuous boundary formed between redeposited material and the Ag microwire, suggesting that redeposited material has melted and wetted the wire. We attribute this melting to the heat accumulation at these locations. Although the interaction between fs laser radiation and these materials is nonthermal on a pulse-by-pulse basis [25] , heat transfer does take place after the end of the laser pulse, causing an accumulation of heat in the sample after irradiation with many overlapping pulses [26] . In addition, since there is an air gap between the glass and the Cu substrate, any plasma produced by the fs laser-induced multiphoton and tunneling ionization of air [27, 28] at high fluence and plasmainduced high pressure can enhance thermal energy coupling to the workpiece [29] . Finally, nano-or microparticles ablated by the fs laser and redeposited at the edge of the Ag microwire will form microscale cavities on the surface of the Ag microwire; these cavities could enhance the absorption of incident laser radiation by multiple reflection [30] , form "hot spots"; at the interface between particles of redeposited material and the Ag wire, and contribute to the melting of redeposited material in the interface. Based on the above analyses, we conclude that the primary weld between the Ag microwire and the Cu substrate occurs along the edge of the wire. This is probably because the area at the edge is directly exposed to fs laser radiation as well as to laser-induced plasma. Enhanced absorption of laser radiation via microstructure and surface plasmon resonance, as well as thermal coupling of plasma energy [29, 30] , will generate a higher temperature along the edge area than in the contact area resulting in the melting and welding of redeposited material. Figure 6 illustrates the geometry of the "bridging" weld generated when a debris field consisting of ablated Cu particles interacts with incident laser radiation and develops "hot spots." These "hot spots" are responsible for the fusion zone observed at the Ag wire-Cu particle and Cu particle-Cu substrate interfaces as well as the welds that exist between Cu particles in the space between the Ag wire and the Cu substrate. The overall effect is then to produce an extended network between the Ag wire and the Cu substrate made up of a loosely welded framework of linked Cu particles.
The integrity of laser-welded samples with glasstape fixture was evaluated from the pull strength obtained using a Dage 4000 multipurpose tester, where the end without joint was taped to the surface of the Cu substrate. We find that the failure of the weld usually happens in the loosely welded framework of redeposited material, and the pull strength is ≤1.2 MPa. We attribute the low pull strength to the loosely welded framework and the presence of Si and O impurities in the weld [31] .
C. Laser-Matter Interaction
Further information on the nature of the enhanced damage found in the Cu substrate close to the edge of the Ag wire on the weld can be obtained by examining the laser-matter interaction in more detail. Figure 7 shows the surface morphology of the Cu substrate after irradiation with 1000 overlapping laser pulses at a fluence of 0.25 J∕cm 2 . Figure 7 (a) and the inset figure show that grooves accompanied by a periodic ripple and hole structure appear on this surface and are oriented parallel to the long axis of the microwire (as indicated by the arrow). This periodic ripple structure, which has been studied in some detail, can be attributed to interference between the incident laser light and excited surface plasmon polaritons [32] [33] [34] [35] . We suggest that the grooves are caused by enhanced intensity due to Fresnel diffraction of incident laser light by the straight edge of the wire. Copper removed from these grooves is responsible for some of the redeposited material along the edge of the Ag microwire. To confirm this interpretation, we have compared our experimental data with that calculated from Fresnel diffraction [36] by taking the distance of the eighth fringe as 1; the error of the measured value is 1%. As seen in Fig. 7(b) , the measured distances and the orders of the grooves away from the edge of the wire are in good agreement with the theory, indicating that Fresnel diffraction is important in determining the overall distribution of the laser field intensity during irradiation. For the holes, we measured the diameter of 100 holes in the grooves and found that the most prominent hole diameters are 27530 and 33030 nm. Because the wavelength of the incident light did not change when it passed through the glass (this was proved by comparing the distances of the ripples on the surfaces of irradiated Cu substrates with and without cover glass, where the distances were the same), it implies that nonlinear plasmon-photon interactions [37, 38] at the Ag and Cu surfaces caused doubling and tripling of the laser frequency, and that radiative fields at these frequencies were present in the interaction region. This can be seen from the morphology of the surface of the damaged glass. Figure 8(a) shows the bottom surface of the cover glass, and indicates that the surface of the glass was damaged. This damage takes the form of circular craters with diameters between ∼2 and 20 μm [ Fig. 8(b) ]. The internal surface of these craters is covered with ripples having a periodicity of 33030 nm, as shown in the inset of Fig. 8(b) . This periodicity is expected if the glass was damaged by the laser light reflected from the surface of the Cu substrate, where the frequency of reflected laser light doubled or even tripled due to the nonlinear interaction between incident fs laser light and the substrate as discussed above, and it suggests that the glass was damaged by the intense radiative field resulting from interference effects accompanying scattering and reflection of the laser light. The presence of short wavelength laser radiation in the region between the Cu substrate and the cover glass could enhance ionization of the gas and result in enhanced thermal energy coupling to the sample [29] . This indicates that nonlinear laser-matter interactions are important under the experimental conditions presently used for fs laser microwelding. Ultrahigh-repetition-rate picosecond laser sources may be an attractive alternative for increasing productivity in practical applications given the low fluence required for joining under these conditions.
Conclusions
In this study, we have demonstrated that it is possible to weld Ag microwire to a Cu substrate with pulsed excitation from an fs laser by controlling the diffraction-enhanced redeposition of Cu particles, which are generated from the ablation of the Cu substrate, even though the primary effect of fs laser irradiation of metals is known to produce ablation. Most of the welding between Ag and Cu occurs at the edge of the Ag microwire and is attributable to localized heating at the Cu particles, particlesAg wire, and particles-Cu substrate interfaces. Microstructure-enhanced absorption of laser light on surfaces of Ag wire and Cu substrate, ablated nanoparticle-induced plasmon resonance, and plasmaenhanced thermal coupling are the main causes of localized heating, and produce a unique welding regime in which a fusion bond occurs at the interfaces between the Cu particle and the Ag microwire-Cu substrate, with bonding between these locations arising from welding of Cu particles. With the mechanical clamping weld configuration, a pure metallic weld between Ag microwire and Cu substrate is obtained, but there is a narrow range of laser fluence for successful weld. Replacing the mechanical clamping fixture with a glass-tape fixture can widen the laser fluence window for successful welding; however, the interaction of incident laser radiation with the glass cover sheet introduces impurities into the weld and negatively influences weld strength.
